A novel measurement tool is developed that is capable to measure the reflection coefficient of acoustic materials in situ and thus in real live situations such as a car.
INTRODUCTION
The Microflown is an acoustic particle velocity sensor that is invented at the University of Twente in 1994 [5] . In 1997 the sensor was commercialized. In this paper, the Microflown will be referred to as particle velocity sensor.
Over the past ten years the particle velocity sensor is (a.o.) used to determine acoustic impedance. The first application was the measurement of the acoustic impedance of a horn loudspeaker with a pu-method. In the throat of a horn loudspeaker a pressure microphone (p) and a particle velocity sensor (u) were placed and the impedance was successfully measured [7] . Afterwards, two particle velocity sensors (instead of microphones) were used in a standard Kundt's tube. This technique showed also that particle velocity sensors could be used to determine the acoustic properties of materials [8] .
The acoustic impedance in the tube was determined by measuring the sound pressure and the particle velocity directly at one point in the tube [3] , [9] . Furthermore the ratio of intensity (I) over energy (E) was measured to calculate the reflection coefficient of the acoustic material. The basis of this method is that I=0 if the material is fully reflecting and I=cE (c is the speed of sound) if the material is fully absorbent.
The application of a pu probe, which combines an acoustic pressure sensor and a particle velocity sensor, makes alternative in situ impedance measuring techniques possible. At the University of Leuven such pu-probe was used to determine the specific acoustic impedance at the surface of an absorbing material [1] . This is called the surface impedance technique in this paper. With this method the disadvantages of the Kundt's tube are avoided. Several disadvantages in the tube are the upper frequency limit, determined by the tube diameter, the fact that only the normal reflection coefficient can be obtained and that not all materials can be put in the tube.
In [1] and [2] is proven that the acoustic reflection coefficient of materials can be measured broadband for both oblique and normal angles of incidence. The method is very fast, in 10 seconds the reflection coefficient for a certain angle of incidence can be obtained. The surface impedance method is improved by a more advanced model that allows for spherical waves [2] . Disadvantage of the method is that highly reflecting materials are difficult to measure because the surface velocity becomes zero.
Recently, first experiments were shown of a novel way of measuring the reflection coefficient: the mirror source method [3] . The mirror source method uses a miniature monopole sound source that is placed close by the acoustic reflecting material, see Q A in Fig. 1 . A (directional) particle velocity sensitive sensor is placed close to the monopole source in such way that its sensitive direction is aiming at the acoustic reflecting material and its non-sensitive direction is aiming at the source. This way it is only measuring the 'mirror source': the reflected image of the monopole sound source. From the ratio with a reference measurement on a fully reflecting plate the reflection coefficient can be determined.
Because the particle velocity of only the mirror source is measured, the method works best for highly reflective materials. If the surface is highly absorbent, the particle velocity microphone is not measuring anything. In that sense it is a complementary method to the surface impedance method. 
THE SETUP
A setup is used which combines both the surface impedance method and the mirror source method, see the schematic in Fig. 1 and the picture in Fig. 2 . Two sources are used. The source for the mirror source method (Q A ) is built in a modified pu-probe. This probe combines an acoustic pressure microphone, a particle velocity sensor and the source for the mirror source method, see Fig. 3 . 
THE SURFACE IMPEDANCE METHOD
The surface impedance method is explained in [1] , [2] and [3] so here only a short summary is presented. In the setup Q A is switched off and Q B is switched on. The sound field that is generated by source B is partly reflected at the reflecting surface.
In the present case only the normal reflection coefficient is observed. As shown in [1] and [2] the method can easily be extended to an oblique reflection coefficient by changing the source/probe configuration.
For practical reasons it is required that the probe-source distance is small to be able to measure inside a car. If the source-probe distance is small, the sound waves become spherical. In such situation the spherical surface impedance is measured and with that the spherical reflection coefficient is determined. The spherical reflection coefficient however is not what is of interest, but it can be converted to the well known planar reflection coefficient.
The procedure is as follows. A calibrated pu-probe is measuring the acoustic impedance close to the surface. With the measured impedance Z (=p/u) the spherical reflection coefficient R s is determined:
Here ρ is the density and c is the speed of sound in air. This expression is valid when the distance between the probe and the reflecting surface is very small.
The planar reflection coefficient R p is obtained from the spherical reflection coefficient R s by the following relation:
The F-term, or boundary loss factor, is an important term in this solution. However, this term cannot be calculated directly because the F-term depends on the plane wave reflection coefficient R p , which is not known beforehand. So, the reflection coefficient R p has to be calculated in an iterative way. The mathematical background of the Fterm can be found in [10] .
THE MIRROR SOURCE METHOD
As explained in the previous paragraph, the surface impedance method is not very accurate for highly reflecting materials. One of the difficulties is that when the reflection coefficient equals unity, the particle velocity at the surface becomes zero. Apart from that, at highly reflecting surfaces, the method is very sensitive for phase errors. For highly reflective surfaces the mirror source method is developed.
This method uses the effect that the particle velocity sensor has a directional sensitivity and doesn't measure anything perpendicular to its sensitive direction.
In the mirror source method a monopole sound source Q A is put close to an acoustic reflecting surface. The sound field is composed of the direct field and a contribution from the mirror source Q' A , see Fig. 1 . The particle velocity sensor is placed close to the point source in such way that its sensitive direction is aiming at the mirror source and its non-sensitive direction is pointing towards the monopole sound source. It will therefore only 'see' the mirror source.
The sound field that the mirror source produces equals the sound field of the monopole sound source times the reflection coefficient.
The sound pressure field produced by a monopole is given by:
with Q the source strength in m , and r the distance from the source. The acoustic impedance of a monopole is given by:
So the particle velocity that is measured at the position of the pu probe is given by:
The measured particle velocity depends on the spherical reflection coefficient R s , the distance r and the source strength Q A .
As a reference measurement the particle velocity is measured at a certain distance r 1 from a fully reflecting surface. A fully reflecting surface has a planar reflection coefficient and a spherical reflection coefficient that are equal to one, see Eq. (2).
The ratio given by the measurement done in the close proximity (r 2 ) of the acoustic sample and the reference measurement is given by: 
The r 1 =r 2 ) , the ratio of the two velocity measurements is a direct measure for the reflection coefficient R s .
The measurement distance is clearly defined when measuring close to a rigid surface. However, the measurement distance may be difficult to obtain when measuring close to soft damping materials.
A way to obtain the distance is to use the measured impedance Z. The phase between sound pressure and particle velocity of the mirror source at the measurement point is only dependent of the measurement distance r 2 , see Eq. (4). So r 2 can be obtained when pressure and velocity due to the mirror source are known. However, the measured sound pressure consists of two parts: the sound pressure coming from the source directly and from the mirror source. It is possible to determine the sound pressure coming from the source directly by measuring in an anechoic environment. When the direct source is known, the mirror source can be calculated.
CALIBRATING THE SYSTEM
The calibration procedure consists of two steps. A measurement in an (artificial) anechoic condition and a measurement close to a fully reflecting plate.
Step 1: (anechoic) reference measurement
As a first step the setup is calibrated in free field conditions. In practice the system is calibrated in a normal room and for the surface impedance method the room reflections are cancelled by a time window technique ( [3] , [11] ).
Here a source-probe distance is used of 30 cm. As a source the so-called 'piston in a sphere' (8 cm diameter loudspeaker and 21 cm diameter sphere) is used, see Fig. 4 . The free field response Z 0 of the pu-impedance probe is obtained by cancelling the room reflections and accounting for the point source radiation impedance, see Eq. (4).
Also the mirror source technique is calibrated under free field conditions. The point source (source A) -particle velocity alignment is adjusted such that the particle velocity sensor signal is minimal:
Step 2: (hard reflecting) calibration measurement
For calibration the setup is placed close to a fully reflecting plate and point source B is switched on (source A is off). For the hard reflecting surface the surface impedance method is used to determine the reflection coefficient, which has to be equal to one. Because the method is very (phase) sensitive for this situation, the phase of the free field response Z 0 is adjusted so that the reflection coefficient is equal to one. This way of enhanced calibration is not used in this paper and is subject of further R&D.
Also for the mirror source technique, the setup is placed close to a fully reflecting plate. The sound pressure and particle velocity that is measured are: 
The quality if the mirror source technique gives a quantity on how good the zero adjustment was, as described in step 1.
Step 3: measurement of the acoustic sample
Now the setup is calibrated as described in the two paragraphs before, the setup can be used to measure the reflection coefficient of acoustic materials.
The setup is simply placed at the surface of a material and the measurement distance is kept constant for the mirror source technique. With the surface impedance technique the measurement distance is reduced to 15 cm.
The absorption is determined with the mirror source method by the ratio of the measured particle velocity spectrum u sample and the reference particle velocity spectrum u R=1 . It is a direct measure for the reflection coefficient, see Eq. (6).
TEST MEASUREMENTS
The single setup given in Fig. 2 is used for measuring the reflection coefficient of an acoustic material (Flamex) with both methods: the mirror source technique and the surface impedance technique.
Mirror source measurements
Both measurements are obtained sequentially very short after each other. For clarity in this paragraph the results of the methods are discussed separately.
First typical measurements are shown for the mirror source technique. The results of a measurement sequence are shown and then some tests were performed to check the sensitivity for reflecting surfaces near by the setup. If this sensitivity for obstacles is low, the method may be applied inside a car.
The three measurement results (shown in Fig. 5 ) are: 1) Anechoic reference response. This response should be as low as possible: the particle velocity sensor is adjusted so that the point source is in its non-sensitive direction. Zero adjustment and measurement take approximately 5 minutes. The response is denoted as R=0 in Fig. 5 .
2) Response on a fully reflecting plate (calibration measurement). Now the velocity level is the highest. This measurement takes a few seconds. The response is denoted as R=1 in Fig. 5 .
3) Measurement on the acoustic material. This measurement takes a few seconds. This is the grey response in Fig. 5 . The ratio between the anechoic reference response (step 1) and the response on a fully reflecting plate (calibration measurement) is called the quality (see Eq. (9)). This ratio gives the maximum dynamic measurement range of the method. A high ratio means that the zero adjustment of the particle velocity sensor versus point source is done well. The quality is shown in Fig. 6 .
The reflection coefficient of the measurement method is derived from the ratio of the measurement on the acoustic material and the calibration measurement (the measurement on the fully reflecting plate). Note that the representation of this ratio in Fig. 5 is in dB. The resulting absorption curve is shown in Fig. 7 . To determine the sensitivity of reflecting surfaces in the environment of the measurement setup, a highly reflecting plate was put 5 cm horizontally above and 5 cm vertically aside the setup. The effects of the reflecting surfaces are shown in Fig. 8 . As can be seen, a highly reflecting plate placed 5 cm vertically aside the setup does hardly influence the measurement. A highly reflecting plate placed 5 cm above the setup has a small influence.
Effect of sample size
In [2] the effect of the sample size is investigated. Here the effect of the sample size is investigated for the mirror source technique.
First, the absorption of a large sample was measured. Then the sample size was reduced and measured again. The procedure is repeated until the sample size was too small to be practical (the sample size is smaller than the thickness of the material). The results are given in Fig. 9 . It is clear that for this case the sample size has hardly any effect on the measured absorption curve. A picture of the measurement of the smallest sample is given in Fig. 10 . 
Surface impedance measurements
The loudspeaker for the mirror source is switched off and the loudspeaker for the surface impedance setup is switched on. The time to switch is less than a second so the two types of methods can be performed sequentially in a very short time.
An anechoic calibration measurement is performed to calibrate the surface impedance method. This measurement is done at the same time as the determination of the anechoic reference response of the mirror source technique. Only the loudspeaker is switched. The calibration measurement takes only a few seconds.
With the calibrated pu-impedance probe the setup is used to measure the surface impedance of the absorbing material. The measurement takes a few seconds. The calculation of the reflection coefficient takes more time (a few minutes) because of the iterative F-term calculation (see Eq. (2)). As a disturbance, for the surface impedance method a 40 x 40 cm fully reflecting plate was placed at 17 cm vertically from the probe. The source-probe distance is still 15 cm. For this case almost the same absorption curve is measured as without any obstacles, see Figure   9 . This observation gives confidence that also in situ measurements can be performed inside a car. 
CONCLUSION
In this paper some acoustic measurements on a simple absorbing material were done with two different, but complementary techniques. Both the surface impedance method and the mirror source method give good results and show to be not very sensitive for reflecting surfaces in the neighborhood of the measurement setup.
Some observations and remarks on both methods are placed below.
Surface impedance method 1) Our observations for the surface impedance method is that a 40 x 40cm fully reflecting plate placed 17 cm horizontally or vertically close to the measurement setup does almost not influence the measurement result if a source-probe distance of 15 cm is used.
2) A simple F-term model is used, which is valid for kr>1. The results seem to be good. However, in our case kr is small, so the effect of a more elaborate model has to be investigated.
4) The results are distorted if the source and probe are connected mechanically.
5) The source strength is important at lower frequencies.
6) The F-term correction procedure takes some minutes on a normal PC. Further R&D is planned to speed up the procedure so that this takes a few seconds.
Mirror source technique
1) A 40 x 40 cm fully reflecting plate placed 5 cm horizontally or vertically does almost not the influence the measurement result.
2) The method gives reliable results for an extremely small sample size.
3) The method is only tested on one material. A quick test of other materials give reliable results for single layer materials, but the results for materials that are composed of several layers did not agree with a tube measurement. The difference in results is under investigation.
Based on our observations we have confidence that measurements inside a car will give good results. This will be the next step in our research.
